Formulation Used
One of the earliest studies on the CRS test was made by Wissa et al. (1971) . The linear and non-linear behavior of soil under different state conditions, i.e., nonsteady state, transient state, and steady state conditions, was examined. Typically, in CRS testing, the effective stresses within the soil sample should reach a steady state condition for easy interpretation; otherwise, the distribution of pore water pressure would have to be measured.
The average effective vertical stress (Ј vиave ) for a linear elastic material at steady state conditions is as follows:
where v ϭ total vertical stress, and u b ϭ excess pore pressure at impervious base.
The coefficient of permeability in the vertical direction, k v , is expressed as
where ϭ strain rate, H ϭ height of sample (drainage path), and ␥ w ϭ unit weight of water.
The coefficient of consolidation in the vertical direction for linear soil is given by:
where m v ϭ coefficient of volume compressibility.
Tian Ho Seah 1 and Sinat Koslanant Juirnarongrit (1996) developed a new CRS consolidometer with radial drainage and established new equations based on Barron's theory (1948) to determine the horizontal coefficients of consolidation and permeability for the radial flow condition. For tests with radial drainage, the horizontal coefficient of permeability is given by
where v p ϭ velocity of load piston, u b ϭ excess pore water pressure at impervious outer boundary, v p ␥ w r e 2 ᎏ u b H r e ϭ radius of sample, H ϭ height of sample, and ␣ ϭ constant as function of r w (radius of central drain) and r e (Juirnarongrit 1996) .
The horizontal coefficient of consolidation is, therefore, given by:
The average effective vertical stress can be expressed as:
where ␤ ϭ constant as function of r w (radius of central drain) and r e (Juirnarongrit 1996) In this study, since r w ϭ 0.5 cm and r e ϭ 3.175 cm, ␣ ϭ 0.680 and ␤ ϭ 0.846. These formulae are used in computing the consolidation parameters.
Test Equipment and Procedure
Three types of consolidation tests were conducted: (1) conventional oedometer tests (designated as OED series), CRS consolidation tests with radial drainage (designated as CRS-R series), and CRS tests with vertical drainage (designated as CRS-V series). Details of the equipment are provided by Koslanant (1997) .
The major components of the CRS consolidometer with radial drainage are shown in Fig. 2 . The equipment consists of a base plate, two parts of the cell body (i.e., upper cell body and lower cell body), top plate, top cap, and a loading piston. The lower cell body has an inner diameter of 63.5 mm, which is used to hold the sample. A cutting ring placed on the lower cell body and pushed into the oversized soil sample trims the soil specimen. A hole in the middle of the soil is made by inserting a piece of piano wire through the center with guiding plates at both ends of the trimmed soil sample. The wire is rotated around the guide holes of the plates until the soil in the middle hole is detached. The excess soil at the two ends is trimmed using the wire saw to give smooth surfaces. A cylindrical fine porous stone is then inserted in the cut hole gently, which will be used as the only drainage boundary of the soil sample during consolidation. After trimming is completed, the lower cell body is fixed to the base plate with a 1-mm-diameter hole located 13 mm from the center (Location a). This small hole is flushed with a fine porous stone at one end and connected to a pressure transducer at the other end. A second pore water pressure measurement (Location b) is made at the outer boundary with another pressure transducer attached to the wall of the lower cell body. Thus, the pore pressures at two locations were measured during consolidation. The upper cell body is mounted to the lower cell body and acts as a water chamber for saturation. The top cap is used for transferring the load applied by the loading piston to the soil sample. A 10-mm-diameter hole with a depth of 15 mm at the center of the top cap is made to allow the top cap to slide freely over the cylindrical porous stone during consolidation. Two greased o-rings on the top cap are used to prevent leakage through the gap between the top cap and cell body. Friction induced by the o-rings are measured and deducted from the measured vertical force, creating a vertical load on the soil sample only. There are two holes connected to the center hole of the top cap for drainage purpose. An oil seal seals the linear-bearing-aided loading piston. Once the cell is assembled, it is placed on the motorized loading frame for testing. Once the equipment is assembled, a backpressure of 200 kPa is applied to the soil sample for saturation over a period of 24 hours. A gear-driven loading frame that forces the loading piston to move downwards at a constant speed loads the soil. The vertical load, pore water pressures and displacement are measured by means of a load cell, pressure transducers and displacement transducer and recorded automatically by a data acquisition system.
The new CRS consolidometer with vertical drainage, shown in Fig. 2b , has the same appearance as the CRS-R consolidometer except the drainage path at top cap has been modified for vertical flow. The testing procedure, including the sample trimming and specimen setup, of CRS-V tests is similar to CRS-R tests. The height of the CRS-V sample is 2 cm, compared with 3 cm in the CRS-R tests. The trimming procedure of CRS-V is similar to CRS-R except there is no need to prepare the central hole in the soil sample. A filter paper is placed at the top of specimen for preventing the soil particle from clogging the porous stone. As for the CRS-R test, no filter paper is used on the central fine porous stone, but ultrasonic cleaning is done before each test to reduce the effect of clogging. The rate of strain used is 3.3 ϫ 10 Ϫ6 /s compared with a CRS-R rate of 2.2 ϫ 10 Ϫ6 /s.
Tested Material and Testing Program
Undisturbed (UD) samples were collected at 1-m intervals by means of a stationary piston along the Bangkok-Chonburi new highway at Chainage, 25 and 29 km. Four boreholes were drilled; two on PVD improved sections (Borehole BH-1 and BH-3) and two on original ground (Borehole BH-2 and BH-4). The PVD was installed down to an elevation of 10 m.
The consolidation tests were performed on the soft clay samples because of its low strength and high water content properties as shown in Fig. 3 . The collected samples were stored at the site temporarily.
Geological Condition
The site, shown in Fig. 1 , is approximately 20 km north of the Gulf of Thailand and 30 km east of the Chao Phraya River and is situated on the Chao Phraya Basin. Soils in the Bangkok area consist of Quaternary deposits that originated from the sedimentation at the delta of the ancient river in the Chao Phraya Plain. Terrestrial deposits start from 0 to about 4 to 5 m above the mean sea level, and the other soil layers are marine deposits that are the result of changes in sea level during the Quaternary period. The Chao Phraya plain consists of a broad basin filled with sedimentary soil deposits that form alternate layers of sand, gravel, and clay. The surface profile of the bedrock is still undetermined, but its level in the Bangkok area is known to vary in the range of 550 to 2000 m. The available geological, hydrological, and geophysical evidence suggests that there exist eight confined aquifers that are somewhat interconnected but are generally separated by impervious strata of clay. The soft Bangkok clay in the lower Chao Phraya Plain extends for 200 to 250 km in the east-west direction and 250 to 300 km in the north-south direction. The thickness of the soft-tomedium stiff clay in the upper layer ranges from 12 to 20 m, while that of the total clay layer, including the lower stiff clay, is about 15 to 30 m. Thicker deposits are found close to the Gulf of Thailand and generally become thinner towards the north.
Subsoil Conditions
Based on the boring logs, the subsoils down to a depth of 24 m can be divided into the following layers:
Fill or Crust:
The fill thickness in the PVD improved was about 3.8 to 4.0 m, consisting of sandy soil. For boreholes drilled on original ground (BH-2 and BH-4), the desiccated crust was found to be about 0.5 to 1.0 m.
Very soft to soft clay:
Directly below the fill or crust layer was the very soft to soft dark greenishgray Bangkok clay (CH) with natural water contents as high as 150%, as shown in Fig. 3 for Boreholes BH-2 and BH-4. The thickness of this layer was about 18 m. There was indication that the PVD improved zone had reduction in water content during the investigation period, that is, the soil in the PVD zone had consolidated to certain extent. Medium stiff to stiff clay: A layer of medium stiff clay was found at depths below 22.5 m from the ground surface to the maximum drilling depth of 24 m with water content of about 30 to 50%.
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FIG. 3-Profiles of physical properties.
Testing Program
Three series of consolidation tests were performed on the undisturbed soft clay samples collected; they are conventional oedometer, CRS-V, and CRS-R tests. Twenty-four conventional oedometer tests were performed on samples from various depths that were used as the reference for comparison purpose. Twenty CRS-V consolidation tests were performed with a strain rate of 3.3 ϫ 10 Ϫ6 /s. These tests were conducted for comparison with conventional oedometer tests as well as to obtain consolidation characteristics under vertical drainage condition. Fourteen CRS-R consolidation tests were carried out on soft clay samples at strain rate of 2.2 ϫ 10 Ϫ6 /s; they were performed to determine the horizontal consolidation characteristics of the soft clay.
The selected strain rates for the CRS tests are based on recommendations by Hassan (1993) and Juirnarongrit (1996) . Since the preconsolidation pressure was found to increase with increasing strain rate as described by Leroueil et al., the strain rates used are assumed to give values close to the preconsolidation pressure from standard oedometer tests. Comparison of preconsolidation pressure from these types of tests was made in a later section to justify the selection of the strain rate.
Test Results and Discussions
The consolidation results from the CRS and conventional oedometer tests at various depths are compared. The comparison includes compression curve, preconsolidation pressure, coefficient of consolidation, coefficient of permeability, etc.
Compression Curves
The compression curves of two sets of consolidation tests were compared for samples taken from the same depth, as shown in Figs type tests; this should be expected since the compression curves are independent of the drainage condition. The curves from oedometer tests depend greatly on interpretation, and the preconsolidation pressure may sometimes underestimate, as illustrated in Fig. 5 . In general, the data points from oedometer tests lie very close to or on the compression curves of the CRS tests. The overconsolidation ratio (OCR) is about 2 for this layer of soft clay.
Coefficient of Consolidation
The relationships between the coefficient of consolidation and effective stress are plotted in Figs. 4 and 5. In the vertical flow condition, for the CRS-V and oedometer tests, the oedometer test results agree well with the CRS-V test data. As compared with the CRS-R test data, higher coefficient of consolidation under the radial flow condition is observed. It should be emphasized that the coefficient of consolidation at stresses below the preconsolidation pressure is much higher than those beyond the preconsolidation pressure.
Coefficient of Permeability
The coefficient of permeability was also computed from the results of the conventional oedometer tests, the CRS-V tests, and the CRS-R tests. Examples of these relationships are presented in Figs. 4 and 5. The results indicated that the coefficient of permeability in the horizontal direction is higher than those in the vertical direction.
Pore Water Pressure Distribution in CRS Radial Flow Tests
The pore water pressures were measured at two locations in the CRS tests with radial drainage, enabling the distribution of pore water pressure across the sample to be known. Based on Barron's theory, the excess pore water pressure ratio of u a (at 13 mm from 6 GEOTECHNICAL TESTING JOURNAL
FIG. 5-Comparison of results for different types of consolidation tests at depth of 19.5 m.
the center of the sample) to u b (at the outer radius of soil sample) is between 0.625 and 0.673. The excess pore pressure ratio, u a /u b , versus effective vertical stress for several CRS tests at 200 and 400 kPa are plotted as shown in Fig. 6 , indicating that the ratios are fairly close to the theoretical values. Therefore, it can be concluded that the pore water pressure distribution across the sample can be represented by the solution proposed by Barron.
Sample Disturbance
Some soil samples tested were disturbed based on the results of the compression curves. A simple way of the evaluating the disturbance can be based on the variation of the coefficient of consolidation with the effective stress. A disturbed sample will usually show a gradual change in the c v values, whereas in the case of an undisturbed sample the c v values will decrease rapidly at stress close to the preconsolidation pressure and thereafter remain almost constant with increasing stress. An alternate way of evaluating disturbance, as revealed in this research, is based on the relationship of pore pressure ratio and effective stress. For an undisturbed sample, the break in the compression curve is very distinctive, and the pore pressure ratio versus effective stress curve will show a distinct "U" shape with minimum point close to the preconsolidation pressure as shown in Fig. 7 . For a disturbed sample, the compression curve does not show a distinct break, and the pore pressure ratio decreases steadily with increasing effective stress. Based on Eqs 2 and 4, the pore pressure ratio can be expressed as
It is also convenient to express the coefficient of permeability, k, as a function of effective stress in the following form:
or
where A and B are constants The above equation implies a linear relationship in logarithm-tologarithm plot, which is reasonable for soils shown in Figs. 4 and 5.
The logarithm of the k value seems to vary linearly with the logarithm of effective stress, having two distinct lines in the overconsolidated and normally consolidated range. From the k versus stress plot, the term (B ϩ 1) in Eq 9 is greater than zero for stress below the preconsolidation pressure, resulting in a decrease in pore pressure ratio in Eq 7 with increasing stress. For stresses beyond the preconsolidation pressure, the term (B ϩ 1) is less than zero, resulting in an increase in the pore pressure ratio with stress. As a result, there appears to be a minimum point at the transition between the overconsolidated and normally consolidated range. The stress at minimum point seems to correlate well with the preconsolidation pressure. For a disturbed sample, there will be no distinct break in the pore pressure ratio-log stress plot as shown in Fig. 7 , and no minimum point in the pore pressure ratio-stress plot.
Alternative Approach in Determination of Preconsolidation Pressure
In the CRS-R test, a new approach in preconsolidation pressure determination was suggested by Juirnarongrit (1996) . The results indicated that the effective vertical stress at the minimum pore pressure ratio is fairly close to the preconsolidation pressure value (as shown in Fig. 8) . A similar observation was made by Hassan (1993) for the vertical flow condition, where the vertical stress at minimum the pore pressure ratio also agreed well with the precon- solidation pressure determined from compression curves. The preconsolidation pressures obtained from this method are compared with those obtained from Casagrande construction (as presented in Fig. 9 ), indicating good agreement between the two. Therefore, the proposed method in determining preconsolidation pressure is much easier with minimum effort than the conventional construction.
Comparison of Preconsolidation Pressure obtained from Various Tests
The preconsolidation pressures obtained from one-dimensional consolidation tests under different drainage condition should, in theory, be similar. The preconsolidation pressures from CRS-V tests and CRS-R tests were compared with those from oedometer tests as shown in Fig. 10 . The results show a maximum variation of approximately 10%, but the results of CRS-V and CRS-R tests shown in Fig. 11 have a much smaller variation. The good agreement between the CRS tests is due to better-defined compression curves than in the oedometer test.
Strain Rate Effect
By defining a term, ␥ r , as function of c h , sample radius and pore pressure ratio at preconsolidation pressure in the CRS-R tests, a lin- ear relationship between ␥ r and strain rate is reported by Juirnarongrit (1996) as:
For a given c h value and sample radius, the results indicated that the pore pressure ratio increases linearly with increasing strain rate. The results from the CRS-R tests are plotted on the same plot (Fig.  12) , indicating a relatively good agreement with previous data.
A similar term, ␥ v , can be defined as function of vertical coefficient of consolidation, drainage path, and pore pressure ratio, with
the relationship given below:
A plot of ␥ versus strain rate at preconsolidation pressure presented by Hassan (1993) is also shown in Fig. 12 , along with data from this research. The CRS-V test data also agreed well with the previous data. the effective vertical stresses are shown in Fig. 13 . Generally, the c v of the standard oedometer test obtained from the square root of time gives a higher value than c v obtained from the logarithm of the time method. In this case, the ratio in c v from the square root of time to c v from the logarithm of the time method is about 1.2.
Coefficient of Consolidation from Oedometer Tests
Consolidation Anisotropic Behavior
The consolidation behavior in the vertical and horizontal drainage conditions is investigated based on the results of CRS tests only. The values of c h and c v are plotted against the stress as shown in Fig. 14. For stress below the preconsolidation pressure, the ratio of c h to c v is about 1 to 1.3, but with increasing stress and larger strain level the ratio of c h to c v increases to 2.8 at a stress of eight times the preconsolidation pressure. This implies that the consolidation anisotropy increases with vertical stress.
As for the coefficient of permeability, the ratio of k h to k v is about 1 to 1.3 at stress below the preconsolidation pressure. At higher stress levels, the ratio increases to about 2.8 at stress of eight times the preconsolidation pressure as shown in Fig. 15 .
Conclusions
This research work concentrated on the anisotropic consolidation behavior of soft Bangkok clay in terms of the coefficients of permeability, coefficients of consolidation in the vertical and horizontal drainage conditions, by using the CRS consolidometers. Based on the results, the following conclusions are made:
• Good agreement exists between the CRS-V tests and the oedometer tests. The compression curves and coefficients of permeability and consolidation are in close agreement.
• The selected strain rates for CRS-V and CRS-R tests for the equipment used in this research yield similar compression curves to those from oedometer tests.
• The compression curves from CRS-V tests and CRS-R tests agree well with those from conventional oedometer tests.
• The sample disturbance can be examined based on the pore pressure ratio.
• The new method in determining preconsolidation pressure based on pore pressure ratio gives values close to those from the Casagrande construction from compression curves.
• The ratios of c h to c v and k h to k v for soft Bangkok clay from CRS tests are close to unity at in-situ effective stress with an overconsolidation ratio of 2, indicating that Bangkok clay is almost isotropic in its natural state.
